We performed electron spin resonance studies of trapped electrons and H 6 + radical cations produced by radiolysis of solid parahydrogen ͑p-H 2 ͒, p-H 2 − ortho-D 2 ͑o-D 2 ͒, and p-H 2 − HD mixtures. Yields of trapped electrons, H 6 + radical cations, and its isotopic analogs H 6−n D n + ͑4 Ն n Ն 1͒ increased with increasing o-D 2 and HD concentrations in solid p-H 2 . Electrons were found trapped near an o-D 2 or an HD in solid p-H 2 due to the long-range charge-induced dipole and quadrupole interactions between electrons and isotopic hydrogen molecules. H 6 + radical cations diffuse in solid p-H 2 by repetition of H 6 + +H 2 → H 2 +H 6 + and are trapped by ortho-D 2 or HD to form H 6−n D n + ͑4 Ն n Ն 1͒ as isotope condensation reactions. Decay behaviors of these cations by the repetition, isotope condensation, and geminate recombination between electrons and H 6−n D n + ͑4 Ն n Ն 0͒ were reproduced by determining the corresponding reaction rate constants k 1 , k 2 , and k 3 
I. INTRODUCTION
Electrons trapped in solids at cryogenic temperature have been extensively studied for four decades in the field of radiation chemistry for aqueous matrices, 1 alcohols, [2] [3] [4] [5] [6] hydrocarbons, 6, 7 and heterocompounds. 4, 8 Although most electrons produced by the radiolysis of solid matter recombine with the parent cations, some of them are trapped in local potential minima such as defects, cracks, and distortions to form trapped electrons ͑e t − ͒. 9, 10 Yields of e t − in solids usually depend on solid crystallinity and polarity. Electrons in glassy solids can be stabilized as e t − by local rearrangement of the surrounding molecules to produce larger free volumes for reducing kinetic energy. [10] [11] [12] Polar molecules in solids assist in reducing the potential energy of electron by charge polarization. 3 On the other hand, no electron can be trapped in irradiated molecular crystals, except in irradiated single crystals of D 2 O, 13 trehalose, 14 and crystals of diols. 2 Large crystallization energy hinders the local rearrangements of molecules in crystals. 9 Ten years ago, the yields of e t − produced by radiolysis of solid parahydrogen ͑p-H 2 ͒ were found to significantly increase with increasing D 2 or HD concentrations, whereas no e t − could be detected in their absence by electron spin resonance ͑ESR͒ spectroscopy. 15 Recently, we succeeded in detecting e t − in pure p-H 2 and found that the isotope effect on e t − yields was 10-24-fold with increasing D 2 and HD concentrations ͑ϳ1 -8 mol %͒ in solid p-H 2 . This experimental result addresses the following outstanding issues. First, the isotope effect on e t − yields is observed for small concentrations of isotopic hydrogen molecules in irradiated solid p-H 2 . Isotope effects on e t − yields in condensed matter have been studied by several researchers. 13 19, 20 These occur because molecular hydrogen is light and undergoes small intermolecular interactions. In particular, p-H 2 molecules exclusively have a J = 0 rotational quantum state with no electric quadrupole moment. Therefore, solid p-H 2 is free from inhomogeneous electric quadrupole-quadrupole interactions between neighboring p-H 2 molecules. Neither an H 2 nor a D 2 has dipole moment and an HD has a negligible dipole moment. 21 The present model of electron trapping cannot account for this isotope effect as the trapping depends on inhomogeneity and polarity in solids. ͑1 and 8 mol %͒, and p-H 2 −HD ͑1 and 8 mol %͒ were prepared using different isotopic hydrogen molecule contents. All samples contained 0.1 mol % of He gas ͑99.9999%; Taiyo Nippon Sanso Co.͒ for thermal contact. The samples were sealed in quartz cells and immersed in a quartz Dewar filled with liquid He to prepare the solids. Solid samples were irradiated with ␥-rays for ϳ1 h to the total dose of 2.88 kGy at the 60 Co ␥-ray irradiation facility ͑Nagoya University͒. The irradiated samples were placed in an X-band ESR spectrometer ͑JEOL JES-RE1X͒ to measure the time course of ESR lines at 4.2 K. Microwave frequency and magnetic field of the spectrometer were monitored using a microwave frequency counter ͑Hewlett-Packard, 53150A, USA͒ and an NMR field meter ͑Echo Electronics Co. Ltd., EFM-2000AX, Japan͒, respectively. Microwave powers of 1.0 and 0.1-1 nW were used to measure the H 6 + and e t − lines, respectively. H 6 + and e t − yields were determined by double integration of the ESR lines using hexyl radicals in ␥-ray irradiated n-hexane ͑Ͼ97%; Kanto Chemical Co., Inc., Japan͒ as a reference. The G-value, which corresponds to the number of products per 100 eV energy absorbed, has been reported as 4.7, on average, for hexyl radicals under ␥-or X-ray irradiation. 
−HD ͑1 mol %͒, and ͑e͒ p-H 2 −HD ͑8 mol %͒. Peaks denoted by asterisks were from ESR tubes and Dewar made by radiolysis of quartz. ESR fieldmodulation frequency, amplitude, and microwave power were 50 kHz, 0.005 mT, and 1 nW, respectively, for p-H 2 and, 50 kHz, 0.01 mT, and 0.1 nW, respectively, for p-H 2 − o-D 2 and p-H 2 − HD mixtures. Peak heights were normalized using field modulation and the square root of microwave power. Figure 2 shows the ESR spectra of e t − produced in solid p-H 2 , p-H 2 − o-D 2 , and p-H 2 − HD mixtures. The lines at 331.38 mT ͑g = 2.0023͒ were attributed to e t − . Peak intensity of e t − significantly increased with increasing o-D 2 or HD concentrations in p-H 2 . The isotope effect on e t − yields was more significant for o-D 2 than for HD. Figure 2 , respectively. However, the decay behavior of the corresponding species was almost the same. Figure 5 shows the decay rates determined using the inverse lifetimes ͑1 / 1/e ͒ of e t − and H 6−n D n + ͑4 Ն n Ն 1͒. 
III. RESULTS

A. Trapping mechanism of free electrons by heavier hydrogen isotope molecules
Large increases in e t − yields caused by increases in o-D 2 and HD concentrations in irradiated solid p-H 2 strongly suggest that isotopic hydrogen molecules play an important role in trapping electrons in p-H 2 crystals. We would like to propose the new trapping mechanism of o-D 2 and HD-mediated electron. The isotope effect on electron trapping was derived from the difference in rotational constants between these isotopes as follows. Long-range charge-induced dipole and quadrupole interactions between e t − with H 2 or with D 2 were calculated by assuming a point-charge model. 24 Hamiltonian ͑H s ͒ of the interactions are thus given by
where R is the separation between a point charge and H 2 or D 2 . denotes the orientation of the hydrogen molecule with respect to R and P 2 ͑cos ͒ is the Legendre polynomial. ␣ and ␥ are the mean polarizability and its corresponding anisotropy, respectively. Q is the quadrupole moment of the hydrogen molecule in a molecule-fixed frame. The first and third terms in Eq. ͑5͒ describe the charge-induced dipole interaction, while the second term shows the charge-induced quadrupole interactions. Because both p-H 2 and o-D 2 exclusively have a J = 0 rotational state at about 4.2 K, the interaction ͑W J=0 ͒ is given by
Here, Ψ J and E J are the rotational wave function of hydrogen nuclei and the rotational energy for J, respectively. M is the moment of inertia of the molecule. Although the first term in Eq. ͑6͒ is common to o-D 2 and p-H 2 , the second term for o-D 2 is twice as much as that for p-H 2 due to a difference in M.
Brooks et al. 25 calculated that electrons produced in solid hydrogen were stabilized to form trapped electrons called electron bubbles having a radius of 5 Å because of the zero-point energy. At R =5 Å, ͉W J=0 ͉ was 1.4 meV higher for o-D 2 ͑12.3 meV͒ than for p-H 2 ͑10.9 meV͒. Miller et al. 26 also found that ͉W J=0 ͉ for heteronuclear HD molecules ͑11.5 meV͒ was 0.6 meV larger than that for p-H 2 . These differences are larger than the thermal energy at 4. Assuming a binominal distribution for HD or o-D 2 molecules in solid p-H 2 , the probability to have one HD or o-D 2 molecule in a first layer composed of 12 p-H 2 molecules is estimated to be 0.107 and 0.384 for the 1 and 8 mol % samples, respectively. The probability to have two these molecules in a first layer is estimated to be 0.006 and 0.183 for 
o-D 2 molecule if one e t − occupies a substitutional site of an hcp structure in solid p-H 2 . Yields of e t − for the 8 mol % samples including HD or o-D 2 molecules increased 3.5 or 2.4 times larger than those of the 1 mol % samples, respectively. The probability to have one HD or o-D 2 molecule in a first layer in the 8% samples is estimated 3.8 times larger than those of the 1 mol % samples, which is in agreement with the experimental increases. More than two HD or o-D 2 molecules may interact with one e t − , especially in the 8 mol % sample but the probability to have not less than two HD or o-D 2 molecules in the first layer is 0.249, which is smaller than that to have one molecule as 0.384. We speculate that the experimental increases in the e t − yields in the 8 mol % samples mainly reflect the pairwise trapping structure. We would like to propose that long-range chargeinduced dipole and quadrupole interactions between e − and HD or o-D 2 , which are larger than H 2 , play an important role in trapping electron in solid p-H 2 .
This model, which proposes that isotopic hydrogen molecules trap electrons, may explain the results by Hase and Kawabata, 13 who detected e t − in an irradiated D 2 O single crystal, but not in a H 2 O crystal. Because the strong crystallization energy prevents the local rearrangement of molecules in crystals, no e t − was detected in irradiated H 2 O crystals despite the strong polarizability of H 2 O. Let us estimate the probability to form e t − from e − generated by radiolysis. It is reported that five H atom radicals are generated per ionization event through reactions ͑1͒-͑4͒ in the gas phase on average. 23 Assuming that H atom radicals do not undergo recombination during and after irradiation ͓cf. Fig. 4͑c͔͒ , the probability was roughly estimated as ϳ1 / 170, 1/17, and 1/7 in solid p-H 2 , p-H 2 − o-D 2 ͑1 mol %͒, and p-H 2 − o-D 2 ͑8 mol %͒, respectively, using the ratio of the e t − and H atom radical yields. 19, 27 As shown in Fig. 4͑b͒ , the decay rates of e t − were dose independent but the yield of H atom radicals produced by radiolysis at a dose of 2.88 kGy was about three to four times higher than at 0.72 kGy. 28 These results indicate that instead of reaction ͑7͒, reactions ͑8͒ and ͑9͒ are the dominant processes for the decay of e t − . The concentration of e t − ͓͑e t − ͔͒ may depend on the doses. If the decay processes of e t − are dominantly governed by reactions ͑8͒ and ͑9͒, such as H 3 + and H 6 + concentrations, the decay rate should increase with increasing doses. As mentioned above, no difference was observed for the decay rate of e t − at varying doses. We propose that these constant decay rates may be explained by geminate recombination processes with H 3 + and H 6 + . Although no experimental evidence for the formation mechanisms of H 3 + and H 6 + is available, the formation of H 2 + by ionization of H 2 molecules is most likely to be the first step in their production. H 3 + may be produced by reaction ͑2͒ immediately after the ionization. 23 
B. Decay mechanisms of trapped electrons
where k 1 , k 2 , and k 3 are the rate constants for reactions ͑11͒-͑13͒, respectively, and K e Ј is the rate constant for the recombination involving e t − . Figure 7 shows the experimental decay curves of H 
V. SUMMARY
We found that the yields of e t − and H 6−n D n + ͑4 Ն n Ն 1͒ increased significantly with increasing o-D 2 or HD concentrations in irradiated solid p-H 2 , suggesting that both e t − and H 6 + are trapped by isotopic hydrogen molecules. Previous general methods, used to trap ionic species in local potential energy minima produced by cracks, distortions, and imperfections in the solids, could not be applied to electron and ion trapping in solid p-H 2 because of its self-annealing property. Isotope effects on induced dipole and quadrupole moments are proposed to generate local minima, allowing ionic species to be trapped in solid p-H 2 . Electrons produced in solid p-H 2 were stabilized by neighboring o-D 2 and HD because the interaction energy between electrons and o-D 2 or HD was greater than with p-H 2 . Previous reports 13,16-18 on the enhancement of yields or electron lifetimes in several irradiated deuterated molecular crystals may be partly explained by our proposed mechanisms.
The chemical dynamics was elucidated quantitatively for the isotope condensation of H 6 + to form H 6−n D n + ͑4 Ն n Ն 1͒. H 6 + diffused via repeated hole hopping in solid p-H 2 and reacted with o-D 2 or HD to produce H 6−n D n + ͑4 Ն n Ն 1͒. The diffusion rates of H 6−n D n + ͑4 Ն n Ն 1͒ by hole hopping were extremely slower than for H 6 + .
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